The present paper considers a mathematical model of 2 D compressible, laminar, axial symmetric flame flow taking into account the Lorentz force action on the development of fuel combustion in a cylindrical pipe. The combustion process is modeled with Arrhenius kinetics using a single step exothermic chemical reaction between fuel and oxidant. The analysis of nonstationary PDEs system with 7 unknown functions is carried out. For the inviscid flow approximation the implicit finite difference scheme in time with upwind differences in space is used. The results of numerical simulation are confirmed by the results of the experimental study of the electromagnetic field effect on the thermo-chemical conversion of biomass mixture (straw+wood).
Introduction
The electric and magnetic field effects on the flames, which can be related to the ionic wind, magnetic wind and Lorentz force effects makes it possible to provide control of the flame shape, size and main combustion characteristics [1, 2] . This research aims to give insight on applicability of these effects to provide control of the combustion dynamics at thermo-chemical conversion of biomass mixture (straw+wood) combining the mathematical modelling and experimental study of the field effects on the main flame characteristics. In [3] the results of numerical simulation evidence that formation of the flame reaction zone is influenced by the electric field-induced variations of the local vortices and mixing of the reactants by increasing the reaction rate.
Mathematical modelling
For mathematical modelling, we considered a system of 7 partial differential equations describing an axially symmetric compressible reacting swirling flow and the temperature with a simple chemical reaction in a cylindrical pipe-combustor with the radius r = 0.05 [m], length z = 0.1 [m] [3, 4] .
The applied electric field with a current I of uniform density between the positively biased walls of the combustor and the negatively biased axially inserted electrode determines the formation of the azimuthally induced magnetic field, which was scaled to B0 = 0.4 10
For the numerical calculation, the implicit finite difference scheme and the ADI method were applied providing the estimation of the effects of the variation of the molecular diffusivity D, thermal conductivity λ and electric field on the main flame characteristics, i.e. on the minimum value of flow density ρ, on maximum values of the flow velocity components, the reaction rate, the pressure gradient and flow vorticity. For the fixed length of the axially inserted electrode, the decrease in thermal conductivity resulted in the correlating increase of the maximum velocity, pressure gradient, flame temperature, reaction rate and flow vortices with the decrease in density, whereas the decrease of the molecular diffusivity resulted in the increase of the maximum density and in the decrease of the velocity, pressure gradient, temperature, reaction rate and flow vortices. With the fixed values of D and λ, the electric field affects the flow dynamics, the local and average values of the flow velocity, the density and pressure in the flame reaction zone. The application of the electric field to the flame reaction zone leads to an increase in length of the flame reaction zone (Fig. 1 -a, b) . For the external magnetic field the mathematical model is similar to [3, 4] , but has a different form of the radial ) ( r F and axial ) ( z F components of the Lorentz force. The goal was to illustrate a qualitative difference between the velocity distributions in cases when the external magnetic field induced by a permanent magnets wrapped around the computational domain was applied. Simulations were made using the Matlab and FEMM software simultaneously [5] . The FEMM software provides a finite element solution of the Maxwell equations formulated for the magnetostatic case. The software considers the vector potential formulation in the case of two dimensions. Zero vector potential boundary condition was applied to the symmetry part of the boundary for the case of axial symmetry. For magnetic flux density, two magnetization directions, perpendicular to the flow direction and aligned with the flow direction, were considered (see Figs. 2,3). For the inviscid flow approximation, we used the implicit FDS in time with upwind differences in space. To solve the discrete problem, we applied the ADI method of Douglas and Rachford, similarly as in [3, 4] . Here some graphs are presented which allows to compare the stream function distributions when the source term is applied. One can see two vortices in Fig.4 and the disappearance of vorticity in Fig. 5 . The experimental studies of the electric field effect on the combustion dynamics at thermo-chemical conversion of biomass mixture (straw+wood) is carried out using a batch-size experimental device which is described in [6, 7] .
The effect of electric field on the combustion dynamics was studied using a nichrome electrode, 3 mm in diameter and 35 mm in length, which was placed at the bottom of the flame reaction zone and was positive with respect to the grounded walls of the inlet nozzle and to the water-cooled walls of the combustor Fig. 6-b .
Therefore, the axially inserted electrode acts as the anode, whereas the inlet nozzle of the combustor and the grounded water-cooled walls of the combustor act as the cathode by collecting the ion current. To prevent a discharge, the current between the axially inserted electrode and the grounded walls of the combustor was limited to 5-7 mA at a voltage supply of 0.6-2.4 kV. The electrode voltage and the current were monitored by the high voltage equipment. To provide the experimental study of the magnetic field effects on the swirling flow dynamics at thermo-chemical conversion of the biomass mixture, the upper part of the gasifier was inserted into a transversal magnetic field that was created by the two pairs of permanent magnets ( Fig.6-a) determining the formation of the axial and radial magnetic field gradients above and between the poles up to dB/dz≈2.7-3.8 T/m; dB/dr≈ 0.7-2.7 T/m.
The positive bias voltage of the axially inserted electrode first of all shows the influence on the flow dynamics ( Fig. 7-a) promoting the radial and reverse axial heat/mass transfer of the neutral flame species (ion wind effect). This leads to enhanced thermal decomposition of the biomass mixture with enhanced release of combustible volatiles (Fig. 7-b) and enhanced mixing of volatiles with an air swirl. As a consequence, more complete combustion of volatiles is observed (Fig. 7-c) with an increase of produced heat energy per mass of burned biomass mixture (wood +20%straw) (Fig. 7-d) . If the magnetic field is applied to the flame base ( Fig. 6-a) the field-enhanced reverse axial heat/mass transfer of the paramagnetic oxygen upstream to the biomass layer promotes the enhanced thermal decomposition of the mixture of biomass pellets (wood +20% straw) by increasing the average weight loss of pellets from 0.135 g/s to 0.143 g/s with faster release of the combustible volatiles (CO, H2). Moreover, the upstream mass transfer of the paramagnetic oxygen provides the enhanced mixing of the volatiles with air promoting the enhanced ignition and combustion of volatiles with faster increase of the CO2 volume fraction and the heat output from the device up to the peak values.
Conclusions
The mathematical modelling has shown that for the negatively biased axially inserted electrode the electric field exhibits its influence on the flow dynamics, on the local, average and maximum values of the flow velocity, density and pressure in the flame reaction zone, thus advancing the formation of small vortices with anti-clockwise rotation direction and increasing the flame length at the pipe inlet, and the radial velocity change the sign.
The field influence on the flame characteristics depends on the length of the electrode, i.e. increasing the length of the axially inserted electrode leads to the increase in maximum velocity and in pressure gradient.
The application of an external magnetic field induced by permanent magnets affects the velocity distributions and does not affect much the temperature and the concentration distribution if we stay at the chosen model's bounds. The effect of magnetization perpendicular to the flow direction results in appearance of an additional vortex in the computational domain and in disturbance of the stream lines. The influence of magnetization aligned with the flow direction results in removal of the vortex in the upper left corner and in disturbance of the stream lines.
The experimental study of the electric and magnetic field effects on the thermo-chemical conversion of the mixture of wood with 20% of straw suggest that the both the electric and magnetic fields promote enhanced thermal decomposition of biomass mixture with enhanced formation, ignition and combustion of volatiles by increasing the produced heat energy per mass of burned biomass pellets and the heat output from the device.
With the positive bias voltage of the axially inserted electrode, the electric field body force leads to enhanced thermal decomposition of the biomass mixtures, to the field-enhanced combustion of the volatiles, with the correlating increase of the ion current, combustion efficiency, CO2 volume fraction in the products and of the heat output from the device up to their peak values during the flaming combustion of volatiles, with the rapid decrease of the field effect on the combustion characteristics during the after-flame smouldering stage.
The voltage dependence of the main flame characteristics suggests that the electric fieldenhanced thermo-chemical conversion dominates at U < 1.2 kV and starts to decrease at U > 1.2 kV, when the radial acceleration of the flame ions along with the field-induced radial mass transfer of the neutral flame species slows down the swirl intensity which is highly responsible for the mixing of the flame components and for the formation of the flame reaction zone.
